Abstract: Ternary elastomer nanocomposites based on acrylonitrile butadiene rubber (NBR), polybutadiene rubber (BR) and two types of nanoclay (Cloisite 15A and Cloisite 30B) were prepared using a laboratory scale tworoll mill. The effects of nanoclay composition on the cure characteristics, mechanical properties and morphology of NBR/BR (50/50) nanocomposite samples containing 3, 5, 7 and 10 wt % nanoclay were investigated. According to the cure characteristics both types of nanoclay caused a reduction in the scorch time and optimum cure time of the nanocomposite compound. X-ray diffraction patterns of all samples suggested the intercalation of polymer chains into the silicate layers. This was confirmed by transmission electron microscopy (TEM) micrographs. Dynamic mechanical thermal analysis (DMTA) was utilized to study the dispersion state of nanoclay within the elastomer blend matrix. The results showed the development of mechanical properties with the establishment of interactions between nanoclay and polymer chains. Antiknock and brake fluid uptake were also reduced with increasing the nanoclay content.
Introduction
Acrylonitrile butadiene rubber (NBR), possessing excellent resistance to oil-based fluids, greases, water and air, is the most commonly used elastomer in the sealant industry. The performance range of modern elastomers is broadened by blending them with different polymers. NBR/polybutadiene rubber (BR) compounds are shown to present synergetic properties compared to pure NBR because of the superior elasticity, abrasion, brake fluid and and flex crack resistance of BR. As the dispersion state of fillers within the elastomer matrix has been always a challenging factor in achieving acceptable composite properties, several works investigating elastomer/filler interactions could be found in the literature. Sirisinha et al. [1] studied the effect of two different carbon black grades (N330 and N660) and their dispersion on the microstructure and properties of NBR/BR elastomer blends with a 50/50 fixed component ratio. Callan and co-workers [2] suggested the effectiveness of several factors, such as compounding method, filler/ matrix interactions, rubber matrix polarity and its saturation level on the dispersion state of filler within the NBR/ BR blends.
In recent years, polymer/clay nanocomposites have been the focus of several research studies because of their potential applications, which are mainly ascribed to the high aspect ratio and nanoscale dimension of silicate layers dispersed within the polymer matrix. The addition of a very small amount of clay ( < 5wt % ) would cause strong interactions to be established between the silicate layers and polymer chains, which would in turn lead to remarkable changes in the thermal and mechanical properties of nanocomposites compared to the common microcomposites.
Blending nanoclay with polymers results in two general morphologies, intercalated, in which clay is distributed in the matrix in a lamellar state and polymer chains diffuse into the galleries, and exfoliated, known as the complete delamination and dispersion of monolayers in the matrix [3] . The key factor to achieve optimum mechanical properties is controlling the phase morphology of nanocomposites, especially distribution and dispersion of clay within the polymer matrix.
Carbon black is a common reinforcing filler for elastomers, but carbon black reinforced compounds are always black in color, which limits its applications range. Accordingly, rubber/clay nanocomposites (RCNs), prepared with solution, melt and rubber/latex compounding, were first introduced in the 1990s [4, 5] and have been drawing great attention ever since.
Kim et al. [6] prepared intercalated NBR nanocomposites containing Na + -montmorillonite clay modified with different alkyl-amines via melt compounding. Intercalation of alkyl-amine cations within the clay galleries was shown to be dependent on the carbon chain length of the modifier. Sadhu et al. [7, 8] studied nanocomposites based on NBR different grades containing 19, 34 and 50 % acrylonitrile content (ACN). Results of rheological measurements on the prepared nanocomposites at three different temperatures (110, 120 and 130 ° C) showed that the shear viscosity decreases with shear rate for the nanocomposites loaded with modified and unmodified clay, consequently leading to better processability. This phenomenon is intensified for more polar rubbers. They reported that although NBR with 24 % acrylonitrile is classified as a polar rubber, polar-polar interactions disappear with the addition of nanoclay. This is ascribed to the formation of hydrogen bonds between NBR and nanoclay. Nanocomposites based on different grades of NBR, containing 26, 35 and 42 wt % acrylonitrile, were investigated by Liang et al. [9] . He observed that the polarity of the rubber facilitates the intercalation of macromolecular chains within the clay galleries, which would, in turn, develop the state of dispersion.
There are reports suggesting the preparation of BR/ Montmorillonite nanocomposites via different methods, i.e., in situ polymerization [10] , solution intercalation [11, 12] and melt compounding [13] . Wang et al. [13] studied the effect of primary and quaternary alkyl ammonium surface modifiers of clay on the BR/montmorillonite nanocomposites. Based on the cure characteristics and shortened scorch time of the compound by addition of nanoclay, they found that the organoclay not only acts as a reinforcing agent but also as an effective accelerant for the vulcanization process of the matrix rubber. Similar results were also reported by Kim et al. [14] who studied the properties of nanocomposites based on BR and organically modified nanoclay.
To the best of our knowledge, there are no reports on the nanocomposites containing NBR/BR/organoclay. Here, elastomer nanocomposites based on NBR/BR were prepared using the melt compounding method and the effect of clay type and content on the cure characteristics, morphology, mechanical and dynamic mechanical properties of NBR/BR/Clay nanocomposites. The optimum composition suggested here resulted in acceptable mechanical properties besides resistivity to motor oil, brake fluid and abrasion. 
Experimental material
Butadiene rubber (BR1220: Mooney viscosity ML(1 + 4)100 ° C ~ 40 -45 m ) and NBR (NBR3345: Mooney viscosity ML(1 + 4)100 ° C ~ 45 -50 m ) were supplied by Arak Petrochemical Complexes and Polimeri Europa, respectively. The nanoclay types used were Cloisite 15A and Cloisite 30B, which were natural montmorillonites modified with a dimethyl dehydrogenated tallow quaternary ammonium (cation exchange capacity = 125 mequiv/100 g) and methyl, tallow, bis-2-hydroxyethyl, quaternary ammonium (cation exchange capacity = 90 mequiv/100 g), respectively.
The curing system, including N-cyclohexyl-2-benzothiazole sulfonamide (CBS), zinc oxide activators, stearic acid and sulfur, were supplied by Bayer.
Preparation
Nanocomposite samples, after milling mastication of individual rubber components, were compounded using a 2 kg Polymix 200L two-roll mill with a rotor rate of 60 rpm at 55 ° C, according to the compositions summarized in Table 1 . The nomenclature is as follows: N, B, 15A, 30B and C stand for NBR, BR, Cloisite 15A, Cloisite 30B and Nanoclay, respectively. The digits refer to the adjacent constituent content. The NB50 stands for 50/50 composition ratio of NBR/BR. Nanoclay was then added to the compound. It is worth noting that Cloisite 15A and Cloisite 30B were added to the BR and NBR phase respectively and the prepared mastrebatch was compounded for 3 min on the mill.
Curing agents were finally added to the system and the curing process was carried out under a 25 ton Davenport hydrolic press at 160 ° C and 160 bars.
Characterization
Tensile and compression properties of the molded samples were carried out according to ASTM D 412 and ISO 7743 using a Hiwa machine at a crosshead speed of 500 mm/min. To evaluate the compression set under ASTM D 395, the samples were placed between two standard parallel plates for a specific duration at 70 ° C.
A Zwick Rheometer (ASTM D2084), a Frank abrasion tester (ASTM D5963) and a Zwick Durometer (ASTM D2240) were used to study the cure characteristics, abrasion and hardness of compounds, respectively.
Dynamic mechanical analysis (DMA) was performed using a Tritec 2000 DMA system (Triton Technology Ltd., UK). Storage modulus and damping characteri stics of the samples were determined as a function of temperature. Testing was carried out on rectangular samples (0.1 mm × 20 mm × 50 mm) in single cantilever bending mode. A temperature scan was performed from -100 ° C to + 100 ° C at a frequency of 10 Hz. The heating rate used was 3 ° C/min.
XRD analysis was performed at room temperature using an X-ray diffractomer (X ' Pert, Philips) in a low angle of 2 θ to evaluate the dispersion of the clay in the polymer matrix. The X-ray beam was a Cu K α radiation ( λ = 1.540598 Å ) using a 40 kV voltage generator and a 50 mA current. XRD samples of 2 mm thickness were prepared by a hydrolic press. The basal spacing of silicates was estimated from the position of the plane peak in the XRD intensity profile using Bragg ' s law, d = λ /(2sin θ max). The nanostructure of the nanocomposites was observed using a Tescan scanning electron microscope and transmission electron microscopy (TEM) (Philips EM 2085) of the cryogenically microtomed (with a diamond knife at -100 ° C) fracture surface of the samples with a voltage accelerator of 100 kV.
Based on ASTM D3616, gel content values were calculated according to the weight loss of the sample washed with acetone after a 24 h dipping in boiling toluene. Figure 1 shows the XRD patterns of Cloisite 30B powder and the NB5030B5 nanocomposite sample. The basal reflection characteristic peak of Cloisite 30B appears at 2 θ = 4.8 ° , which is related to the intergallery spacing equal to 18.5 Å by Bragg ' s law (d = λ /2sin θ ); where the peak related to the nanocomposite is observed at 2 θ = 2.09 ° (i.e., d 001 = 42.2 Å ). The leftward shift of the peak compared to the original clay indicates the increase in the interlayer spacing of Cloisite 30B within the rubber matrix [15] . Thus, results indicate that an intercalated structure is formed and that the organoclay still retains an ordered structure after melt compounding. Van der Waals hydrogen bonding between acrylonitrile groups present on the polymer chains and the ammonium functionalities on the clay surface facilitates the dispersion of silicate layers within the nanocomposite matrix [4, 7] . In Figure 2 , XRD analysis of Cloisite 15A and NB5015A5 is indicative of the intercalated structure and the intergallery space enlargement from 2 θ = 2.75 ° (d = 32.1 Å ) for the Cloisite 15A powder up to 2 θ = 2.38 ° (d = 37.1 Å ) in the case of above-mentioned nanocomposite sample. It seems that the high viscosity of the BR phase is responsible for the intensive shear undergone by the compound; this would in turn lead to the rupture of clay agglomerates present in the rubber matrix [16] .
Results and discussion

Microstructural study
According to XRD patterns of NBR/BR nanocomposites containing 3, 5, 7 and 10 wt % Cloisite 15A and Cloisite 30B (not shown here), clay characteristic peak shifted to the higher diffraction angles as 2.01, 2.09, 2.11 and 2.39 degrees, respectively. These angles respectively corresponded to 43.9, 42.23, 41.83 and 36.92 Å , indicate that increasing both nanoclay types mentioned above restricts the intercalation phenomenon. Observed peaks are also intensified with increasing the clay loading from 3 up to 10 wt % . Thus, it is understood that the agglomerated clay layers are more probable to form within the nanocomposites containing higher clay contents; such systems would consequently require higher stress values to obtain a well dispersed nanocomposite [17] .
SEM micrographs of NB50 and NB50C7 fracture surfaces are illustrated in Figure 3 . The harsh fracture surface of NB50c7 ( Figure 3B ) compared to NB50 ( Figure 3A) is representative of good interactions between the matrix and nano-particles, implying the effective intercalation of polymer chains into the clay galleries evidenced by the XRD patterns [15] , where the fracture surface of the elastomer compound prepared without nanoclay seems to be smoother. Figure 4 shows the TEM images of the cryogenically fractured surfaces of NBR/BR (50/50) samples containing 7 wt % nanoclay in which dark lines, lighter and darker regions, respectively, represent the Cloisite layers dispersed within the matrix, BR and NBR phases. Different magnifications of the micrographs confirm intercalation/ partial exfoliation of the clay through the polymer matrix, evidenced by XRD patterns. 
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Cure characteristics
Torque-time curves of the prepared samples, regarding to the effect of clay type, are illustrated in Figure 5 . Maximum scorch and optimum cure times correspond to the unfilled elastomer compounds. The nanocomposite sample containing 5 wt % of Cloisite 30B in the NBR phase shows the minimum scorch and optimum cure times between others.
Regarding the higher polarity of Cloisite 30B compared to Cloisite 15A, this might be ascribed to the possible interactions established between the NBR polar groups and Cloisite 30B. This is also confirmed by XRD patterns. Table 2 shows the effect of clay content loaded to the nanocomposite on the cure behavior of final compounds. With addition of organoclay mineral to the elastomer blend, scorch and optimum cure times are shortened. In fact, functional amine groups of organic cations extracted from the organoclay gallery spacing form coordination complexes with ZnO and sulfur [5, 15, 18] , facilitating the development of elemental sulfur [19, 20] and curing the reaction of rubber stocks [21, 22] . The possible formation of Zn complexes in which sulfur and ammonium functional modifying groups participate may facilitate the formation of crosslinks. Conversely, the low molecular weight curing agents entering the clay galleries might start the rubber crosslinking reactions within the interlayer spacing [16] . Table 2 compares the torque differences ( Δ M = M H -M L ) measured for the nanocomposite samples. The rising trend of torque differences with increasing clay content could be ascribed to the compound viscosity corresponding to the interactions established between the rubber matrix and clay layers. The reverse behavior observed in the NBR/BR nanocomposite sample containing 10 wt % of clay confirms the reduction of rubber crosslink density compared to the nanocomposite with 7 wt % clay. This behavior is ascribed to the packing of clay silicate layers in higher loadings, which would consequently inhibit the ideal surface contact with the curing agents and suppress the formation of coordination complexes [23] . Gel content values presented in Table 2 confirm the reduction of crosslink density of rubber matrix in NB50C10 compared to NB50C7. This is also detectable in the XRD patterns and mechanical properties provided in the text.
Mechanical properties
In Table 3 , mechanical properties of the prepared compounds, including tensile strength, elongation at break and modulus, are provided. Increasing the nanoclay content up to 7 wt % results in an increase in the mentioned properties; this could be ascribed to the chain mobility restriction at the presence of silicate layers [24, 25] . No remarkable changes are detected in the mechanical properties with the addition of 10 wt % of nanoclay, which suggests the agglomeration of silicate layers [4] . Tensile properties are observed to be reduced, accordingly. Elongation at break is observed to be increased at the presence of nanoclay. This behavior could be ascribed to the compatibilizing effect of quaternary alkylammonium cations. In fact, the hydrophilic functionalities would interact with silicate layers whereas the hydrophobic head of these molecules would increase the matrix/reinforcement compatibility establishing covalent bonds with the polymer matrix [25] .
Generally speaking, the addition of fillers to the elastomer matrixes would reinforce the tensile modulus. Establishment of chemical bonds between silicate layers and the elastomer matrix would increase the portion of restricted elastomer chains trapped between the clay layers. This phenomenon, along with the crosslink density rise at the presence of nanoclay, would consequently give a remarkable rise to the compound modulus [26, 27] . Table 2 depicts the rising trend of hardness with increasing the clay content. This phenomenon could be ascribed to the strong interactions established between the elastomer chains and silicate layers as well as the nanoclay hardness [17] . The development of abrasion resistance caused by the formation of a filler network within the rubber matrix is illustrated in Table 2 . Generally speaking, soft and fine particles result in lower abrasion loss. This could be attributed to the higher matrix/filler interfacial area. Similar behavior has been reported before [28, 29] .
Compression set values decrease with nanoclay content (see Table 2 ). In fact, nanoclay induces the macromolecular chains to become oriented within the polymer network, which would consequently lead to a decrease in the permanent deformation [13, 27] . Table 2 shows the expected increase in the compression strength of the nanocomposite samples compared to the elastomer blends. The increase observed in the crosslinking density is suggested to be responsible for such behavior [30] .
The effect of clay content on the tan δ and storage modulus of the nanocomposite samples are depicted in Figure 6 . Addition of nanoclay led to a shift in the glass transition temperature towards higher values. It also increased the storage modulus of the compound, as expected. The tan δ peak intensity is weaker for both NBR and BR phases with increasing the nanoclay content. Higher degrees of falling trend are representative of better nanoclay dispersion within the elastomeric phase [1] . This effect is more intensively observed on NBR compared to BR.
Nanocomposite samples absorb less antiknock and brake fluid compared to the unfilled elastomer blends because of the higher crosslinking density at the presence of nanosilicate layers (see Figure 7 ).
Conclusions
Nanocomposites based on NBR/BR elastomer blends containing different contents of Cloisite 15A and Cloisite 30B were prepared on a laboratory scale two-roll mill. Effect of clay loading (i.e., 3, 5, 7 and 10 wt % ) was investigated on the behavior and properties of prepared nanocomposites. X-ray diffraction patterns indicate that intercalation of elastomer chains into the nanosilicate layers is restricted with increasing the clay content. This could be ascribed to the agglomeration of clay layers simultaneously occurring with matrix/nanoclay compatibility reduction. Addition of nanoclay, based on the cure characteristic results, leads to a decrease in the scorch time as well as the optimum cure time. NBR/BR nanocomposites containing up to 7 wt % of nanoclay show a remarkable increase in tensile strength and elongation at break, where 10 wt % of nanoclay causes none in the mechanical properties. The increase observed in the abrasion resistance and the less antiknock and brake fluid uptake in the prepared nanocomposites compared to the unfilled counterparts, indicate the advantages of using cloisites in the elastomer blends investigated here.
